Experimental
Introduction
Intracellular pH plays a critical role in many cellular events, including cell growth and apoptosis, ion transport and homeostasis, enzymatic activity, and calcium regulation. [1] [2] [3] [4] [5] Abnormal pH values are associated with inappropriate cell function, growth, and division and are observed in some common disease types such as cancer and Alzheimer's. 6, 7 Hence, the determination of pH has attracted increasing interests.
The most popular and direct device for pH measurements is the glass pH electrode. However, the known limitations of the glass pH electrodes such as its electrical interference and mechanical damage to small cells make them unsuitable for intracellular pH and microscopy studies. In contrast to the electrochemical methods, optical measurements based on fluorescent chemosensors that are either protonated or deprotonated, have no such drawbacks. 8 Moreover, fluorescent measurements are convenient for microscopy studies, and can reflect the H + distribution and change within cells. 9, 10 In cellular biology, the pH range of 4.5 -6.0 that is referred to as the acidic window is an important indication of cellular events. Currently, a large number of pH fluorescent chemosensors have been reported in the literature and are commercially available. [11] [12] [13] However, many of these probes lack sensitivity or are simply nonresponsive in the so-called "acidic window". Therefore, we stress to pay more attention to selective fluorescent chemosensors for the measurement of pH.
Naphthalimide derivatives are chosen because they are excellent fluorophores with high stability and quantum yield. And some of them have been used as fluorescent chemosensors for metal cations, [14] [15] [16] [17] anions 18, 19 and pH [20] [21] [22] [23] in recent years. These make naphthalimide derivatives potential carriers for preparation of new optical chemosensors. However, the chemosensors based on naphthalimide derivatives are commonly applied in organic solutions because lipophilic alkyl or phenyl groups were connected to imide moieties of naphthalimide derivatives. 14, 24 And the hydrophilic groups such as hexanoic acid group can make naphthalimide derivatives at imide moieties operate in aqueous solution. 25 Piperazine was chosen as the proton receptor because its first pKa is 5.35, 26 which helps to acquire fluorescence change in the acidic window. Moreover, piperazine was usually used as proton receptor in earlier reseach. 27, 28 In this paper, naphthalimide derivative (compound 1) containing hydrophilic hexanoic acid group was selected as the fluorescence carrier for obtaining a new chemosensor for pH in aqueous solution. Compound 1 was synthesized and showed remarkable fluorescence change in the so-called "acidic window" because of its protonation.
Synthesis
The synthetic scheme for compound 1 from commercially available compounds is shown in Fig. 1 . Synthesis of compound 2. 4-Bromo-1,8-naphthalic anhydride (2.76 g, 10 mmol) and 6-aminohexanoic acid (1.31 g, 10 mmol) were dissolved in ethanol (50 mL). The reaction mixture was stirred and refluxed for 2 h. After the solvent was evaporated under reduced pressure, the crude product was purified by silica gel column chromatography using CH2Cl2/EtOH (20:1, v/v) as eluent to afford a solid product: yield, 2.76 g, 71%. 
Apparatus
UV-Vis absorption spectra were recorded with a Perkin Elmer Lambda 25 spectrophotometer. All fluorescence measurements were carried out on a Perkin Elmer LS 55 fluorescence spectrometer with the excitation slit set at 10.0 nm and emission at 10.0 nm. The pH measurements were carried out on a Mettler-Toledo Delta 320 pH meter. The fluorescence measurements were carried out at the maximum excitation wavelength of 402.0 nm and the maximum emission wavelength of 525.0 nm. Before each measurement, the solutions were allowed to stand for a few minutes to complete the protonation of compound 1. Figure 2 shows the fluorescence spectra of compound 1 exposed to solutions with different pH values recorded at an excitation wavelength of 402.0 nm and an emission wavelength of 450.0 -610.0 nm. The fluorescence measurements were carried out in a mixed solution of ethanol and water (1:9, v/v), and the same solution was used in water-soluble chemosensors for Hg 2+ . 14 The other naphthalimide-based pH chemosensors reported in the literature 22, 23 were measured in a mixed solution of organic solvent and water (1:4, v/v). The spectrum of 1 exhibits one fluorescence emission peak at 525 nm, which is the typical emission peak of naphthalimide. As can be seen from Fig. 2 , the fluorescence intensity of the compound 1 increases with decreasing pH, which is attributed to the protonation of compound 1. The fluorescent quantum yields of 1 and 1-H + were 0.012 and 0.115, respectively; these were obtained by using N-butyl-4-butylamino-1,8-naphthalimide in absolute ethanol (f = 0.81) as a reference.
Results and Discussion

Spectral characteristics
14 So the fluorescence changes of compound 1 seem to be caused by the changes of quantum yield rather than by spectral shifts. These results provided a proof for the reaction of compound 1 with H + , which constituted the basis for the determination of pH value with compound 1.
In order to understand better the variation of fluorescence intensity of compound 1 with pH, we recorded the absorption spectra of compound 1 in the presence of buffer solutions with different pH (3.50, 5.50, 7.50) in Fig. 3 
Response range
To eliminate the influence of possibly varied experimental conditions and other factors, we can express the change of fluorescence intensity with α that is defined as follows:
Here F0 is the fluorescence intensity when the chemosensor contacts with the pH 8.00 reference buffer solutions; F is the fluorescence intensity when compound 1 is completely protonated, which corresponds to the fluorescence intensity recorded at pH 3.00 or lower; and F is the fluorescence intensity of the chemosensor exposed to the different pH buffer solutions. 
Selectivity
The effect of interferents on the fluorescence determination of pH by the chemosensor based on compound 1 was investigated. The experiments were carried out by recording the changes of the fluorescence intensity before and after adding a number of common cations and anions into the NaOAc-HOAc buffer solution of pH 5.00. The results are presented in Table 1 . One can see that the relative error of common interferents is less than ±5%, which is considered tolerable. Therefore, the chemosensor has a good selectivity for hydrogen ions, making it feasible for practical applications in the monitoring of pH.
Response time
Besides high sensitivity and selectivity, a short response time is one necessity for a fluorescent chemosensor to monitor pH in real time. To study the response time of the chemosensor based compound 1 to pH, the kinetics of fluorescence emission spectra of compound 1 in the presence of buffer solutions with different pH values were recorded, and the results are shown in Fig. 4 . The response time of the chemosensor is pH-dependent, as the time required to reach equilibrium increases with the decrease of pH. However, in all cases, the stable reading could be obtained in less than 3 min. Shaking the cell will also help to shorten the response time. From Fig. 4 one can also discover that once a plateau is reached, the fluorescence intensity at 525 nm stays almost unchanged the rest of the time, indicating that the chemosensor is photostable under irradiation with visible light.
Investigation of sensing mechanism
When a fluorescence group links with an electrondonating 
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Hg(NO3)2 Na2CO3 Na3PO4 NaF NaBr KI KSCN Na2S Na2SO3 NaNO2 group that generally includes one or more amido nitrogen atoms, the photo-induced electron transfer (PET) will occur between the fluorescence group and the electron-donation group. [29] [30] [31] In compound 1, the aliphatic secondary amine is connected with naphthalimide fluorophore. Aliphatic amine shows the property of a strong electron donor in an alkaline medium and the PET occurs from the aliphatic amine to the naphthalimide fluorophore. Under these conditions, the fluorescence of compound 1 is in "off-state" because the fluorescence of naphthalimide fluorophore is quenched by the PET process. The PET process can be stopped by the protonation of the aliphatic amine group and the fluorescence of the fluorophore restored. When the chemosensor based on compound 1 is contacted with solutions of relatively low pH, the aliphatic amine can be protonated. The protonation results in the fluorescence enhancement of compound 1. Consequently, the fluorescence of compound 1 would be "switched on". The proposed fluorescence enhancement mechanism is shown in Fig. 5 .
Moreover, the fluorescent intensity can be changed by intermolecular mechanisms (e.g. self-quenching). So the fluorescence spectra of compound 1 with different concentrations were recorded as seen in Fig. 6 . From Fig. 6 , one can see that the fluorescence intensity and concentration were linear relationship when the concentration less than 10 -4 mol L -1 . The results prove the independency of dye concentration in this research and the possibility of intermolecular processes was eliminated.
Taking the part of the graph on Fig. 7 located between pH 2.5 and 8.5, we calculated the pKa value of the chemosensor based on compound 1 by Eq. (3) . 32, 33 The pKa value was calculated to be 5.50 value that is consistent with the data for compounds of similar nature that have been previously reported. 
Preliminary analytical application
In order to examine the applicability of the proposed chemosensor in a practical sample, we applied the chemosensor in the determination of pH in urine samples. The urine samples were provided by three volunteers and the pH was measured using the proposed sensor and conventional glass electrode respectively. Results are shown in Table 2 . The results obtained with the proposed sensor are in very good agreement with those observed with the glass electrode, indicating that the chemosensor based on compound 1 is acceptable for practical use.
Conclusions
We have developed a fluorescent method for determination of pH in aqueous solution by using functionalized naphthalimide (compound 1). The fluorescence intensities of the compound 1 increase with decreasing pH, which is attributed to the protonation of compound 1. The comparison of this method with some other fluorescence methods for the measurement of pH based on naphthalimide indicated that the methods can be applied in aqueous solutions rather than organic solutions. The proposed method was used for the determination of pH in real samples. 
